Researchers at Los Alamos National Laboratory are considering the possibility of using the Low Energy Demonstration Accelerator (LEDA), constructed at LANSCE for the Accelerator Production of Tritium program (APT), as a neutron source. Evaluated nuclear data are needed for the p+¡ Li reaction, to predict neutron production from thin and thick lithium targets. In this report we describe evaluation methods that make use of experimental data, and nuclear model calculations, to develop an ENDF-formatted data library for incident protons with energies up to 150 MeV. The important ¡ L i(p,n¢ ) and ¡ L i(p,n£ ) reactions are evaluated from the experimental data, with their angular distributions represented using Lengendre polynomial expansions. The decay of the remaining reaction flux is estimated from GNASH nuclear model calculations. This leads to the emission of lower-energy neutrons and other charged particles and gamma-rays from preequilibrium and compound nucleus decay processes.
I. INTRODUCTION
As a part of the Accelerator Production of Tritium (APT) Project [1] , the Low Energy Demonstration Accelerator (LEDA) has been constructed at the Los Alamos Neutron Science Center [2] . LEDA is a high-current low-energy proton accelerator that can be used to provide a source of neutrons, following proton bombardment on suitable targets. For instance, high-Z targets can be used to produce spallation neutrons. However, there is a recent interest in the use of a ¡ L i target, which, when bombarded with protons, can produce a relatively high yield of quasimonoenergetic neutrons in the forward direction via the ¡ L i(p,n) reaction. In particular, this reaction may be useful to provide neutrons with energies near 14 MeV, for materials testing for the fusion program.
In addition to the above application, quasimonoenergetic and broad neutron sources are needed for research in other areas in nuclear science and technology, e.g. acceleratortransmutation of waste (ATW), radiation damage studies, medical isotope production, and physics cross section experiments.
In order to assess the feasibility of using a lithium target to produce neutrons, accurate evaluated cross section data are needed. These data can be used to predict the neutron yield, as well as the neutron energy and angular dependencies, from both thin and thick targets. (Thin targets allow the possibility of producing quasimonoenergetic neutron sources £ , whereas thicker targets produce broad-spectrum neutron sources.) This report is organized as follows. Section II provides an overview of reactions that can be used to provide neutron sources, and Section III summarizes measured data available for the ¡ L i(p,n) reaction. These data include both high-energy neutrons that populate the ground-state and first excited state of ¡ B e, as well as lower energy neutrons from the excitation of other beryllium states, and continuum neutrons from break-up reactions. Section IV describes our evaluation methods, based on use of experimental data as well as nuclear model calculations. In Section V we provide some figures that illustrate certain features of the evaluated ENDF data. Our conclusions and directions for future work are given in Section VI.
II. BACKGROUND: QUASIMONOENERGETIC NEUTRON SOURCES H (p,n)E He
Ground Only reactions # 4, 5, and 6 are relevant for LEDA which accelerates protons. Note that a strong limitation on neutron source properties comes from the target construction.
An ideal target should be isotopically pure and self-supporting: otherwise, the specific neutron yield will be lower because of a lower areal density of the target material, and the additives will increase the energy spread, further reducing the specific neutron yield.
For the p+¡ Li (#5) and p+ £ G £ B (#6) reactions, isotopically pure solid targets are possible. Usually they have a backing with good thermal conductivity (preferably tantalum) that serves as a beam stop and allows beam power removal by means of an air jet or a water spray.
The
reaction has a number of advantages [3] compared to the ¡ L i(p,n)¡ Be: 1) a smaller minimum energy, 2) a smaller kinetic energy spread, 3) a better intrinsic energy resolution (higher threshold), 4) a much wider monoenergetic energy range. However, the specific yield is typically a factor of 5 lower than for p+¡ Li, and, furthermore,
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B targets are more difficult to produce than ¡ L i targets. Therefore this source has not been used much up to now. Further details and references can be found in [3] .
The advantages of the p+¡ Li reaction as a neutron source are the following [3] : 1) Small kinematic energy spread inside of an opening angle; e.g., for an opening angle of Q S R deg, the kinematic spread is only of about 0.15% (see, Fig. 3 in [3] ). 2) Between 0.4-and 0.7-MeV neutron energy, the yield is higher than for the competing reaction p+E H (#4). An additional advantage over the p+E H reaction is the higher projectile energy that gives better time resolution in TOF experiments.
3) The production of targets is comparatively simple. They usually consist of lithium metal evaporated on a tantalum backing. Even natural lithium can be used [the (p,n) threshold of T L i at 5.92 MeV is outside the useful range of the p+¡ Li reaction].
Lithium-metal targets are easily and inexpensively prepared, require no elaborate safety precautions in handling before bombardment, and provide a relatively intense neutron source when bombarded by protons with energies exceeding
MeV [4] . Natural lithium consists of isotopes T L i and ¡ L i with abundances 7.42 and 92.58%, respectively. The ¡ L i(p,n)¡ Be reaction was reviewed in 1960 by Gibbons and Newson [5] . Useful information on kinematics and technical aspects related to the use of ( h G i
Li may be found in [6] . Theoretically, using the p -matrix formalism, this reaction was studied in [6] - [8] .
It should be noted that, in general, no source of neutrons is truly monoenergetic [9] . Even for a discrete transition, finite resolution of the accelerated protons, proton energy loss in the target and kinematics effects all contribute to a broadening of neutron energy. Secondary modes of reactions, which can compete significantly with the primary reaction modes at energies above their thresholds, produce either discrete groups or broad distributions of neutrons with energies differing from the primary-group energy. Until the yield of secondary neutrons is significantly smaller than the primary-group yield, it is usually possible to deal with the secondary neutrons by experimental methods (e.g., time-of-flight) or by the application of calculated corrections. When the yield of secondary neutrons begins to dominate the total yield, the reaction ceases to be useful for applications requiring monoenergetic neutrons. Nevertheless, even in this case, one still may consider LEDA as a useful source of neutrons for other applications, where "white" neutrons are suitable. D) By a number of other groups (see, e.g., [14] - [18] ), at proton energies above 20 MeV. Between 1.9-and 2.4-MeV bombarding energy, the neutrons are monoenergetic and the reaction cross section is large. Therefore the ¡ L i(p,n)¡ Be reaction has long been used as a source of neutrons (n¢ ) at these energies [5] .
Above 2.4 MeV the first excited state of ¡ B e at 0.43 MeV may be excited, producing a second group of neutrons (n£ ). However, below 5 MeV the zero-degree yield of these low energy neutrons is less than about 10% of the ground-state yield, so that the usefulness of the reaction as a monoenergetic neutron source is only slightly impaired. 
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) also begin to contribute to the total neutron yield, but this contribution is not significant [10] . Therefore, the usefulness of the ¡ L i(p,n)¡ Be reaction as a source of neutrons at energies above 5-7 MeV would depend on a particular application. Only a very good energy resolution would allow one to separate the substantial number of n£ neutrons to obtain a monoenergetic source. However, if the application can tolerate including both n¢ and n£ neutron groups, then the reaction has the favorable feature of use of a cheap solid target with a forward angle laboratory cross section approaching 7.4 mb/sr at 5 U V % ( R MeV and 14.5 mb/sr at 5 U V d a MeV (see Table II with our compilation of presently available experimental differential cross sections of neutrons measured at forward angles). It should be noted that although the neutron yield is large, the presence of low energy neutrons from different reaction modes may limit the usefulness of the ¡ L i(p,n)¡ Be reaction as a monoenergetic neutron source at proton energies above 10 MeV [12] . 
As mentioned above, the n¢ and n£ neutron yields are strongly forward peaked. From Table II one can see that their measured cross section increases monotonically with increasing C U
. This is not true for the total neutron cross sections integrated over all emission angles, compiled in Table III and shown 
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IV. EVALUATION METHODS
The production of an evaluated data library for proton reactions on lithium poses certain difficulties. In particular, nuclear model calculations based on statistical preequilibrium and equilibrium decay theories become unreliable for light target nuclei, where the nuclear levels are widely spaced. For this reason, one would like an evaluated data library that is based, as much as possible, on measured data.
We have therefore adopted the following approach. There are numerous measurements of the important ¡ L i(p,n¢ ) and ¡ L i(p,n£ ) direct reactions populating the ground and first excited states of ¡ B e, and we have used these experimental data for the cross sections and angular distributions in the evaluation. This is important because many aspects of the production of neutron sources via ¡ L i(p,n) reactions involve use of the high-energy quasimonoenergetic n¢ and n£ neutrons. To model the remaining cross section available for nuclear reactions, i.e. the overall reaction cross section minus these direct reaction cross sections, we use GNASH nuclear model calculations [34, 35] .
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Use of the GNASH calculations is expected to lead to some weaknesses in the evaluated data, because of the aforementioned difficulties in using a statistical model code. However, we note that the calculations do, at least, include certain important constraints such as energy, flux, angular momentum, and parity, conservation laws. Since the GNASH calculations make use of experimental nuclear levels information, they can also be expected to lead to emission spectra that correctly include peaks and gaps in the calculated energy-dependent spectra at the correct locations, i.e. peaks at energies where final states can be excited, and gaps where there are no final nuclear states available.
IV.A. Evaluation of ¢ a nd £ c ross sections and angular distributions
The ¡ L i(p,n¢ ) and ¡ L i(p,n£ ) evaluations were based upon measured data. The centerof-mass measured angular distributions of both the n¢ and n£ neutrons were fitted using Legendre polynomials,
For proton incident energies up to 12 MeV, such Legendre fits have been published by Poppe et al., and therefore we adopted their results (Fig. 5 of Ref. [12] ).
At higher proton incident energies, we performed Legendre polynomial fits to measured angular distributions. For proton incident energies of 15.1, 15.9, 16.9, 17.9, 18.9, 19.9, 20.9, 22.0, 23.0, 24.0, 25.0, and 26 MeV, there are available measurements separately for n¢ and n£ by Poppe et al. [12] . Above 26 MeV, there are fewer experimental data at only a limited number of incident energies and emission angles, and furthermore, only data for the sum of n¢ and n£ are available. We used the measurements by Batty et al. [19] 
MeV. As an example, Fig. 2 shows the sum of n¢ and n£ measured total production cross section (for references, see Table III ) as a function of proton kinetic energy, U , compared with our evaluation. One can see good agreement in the whole energy range up to 150 MeV.
IV.B. GNASH calculations
The latest version of the GNASH code has been described in Ref. [34] , and its latest application in nuclear reaction evaluation work has been described in Ref. [36] . For this reason, here we provide only an overview of the models used in the calculations, concentrating on new features.
GNASH calculations of preequilibrium and Hauser-Feshbach decay require input parameter information describing the optical model transmission coefficients, nuclear level densities, gamma-ray strength functions, as well as nuclear level information for all the Table  III ) with our evaluation in the ENDF-6 format.
nuclei that can be populated in the reaction. For most of these quantities, we used default parameter information, as described in Ref. [36] . Below, we provide information on the optical model we used for
Although the appropriateness of an optical potential for nucleon scattering on a light nucleus such as lithium is questionable, we have, for pragmatic reasons, made use of a relativistic potential for T L i published by Chiba et al. [37] . This potential was shown to provide a surprisingly good representation of available elastic scattering and total cross section data, for energies up to a few hundred MeV [37] . We converted this neutron potential for use on ¡ L i by making small isospin corrections, and produced a version for proton scattering by including Coulomb correction terms. The modified potentials resulted in a calculated total neutron cross section that accounted for measured data fairly well. The calculated proton reaction cross section was also in good agreement with measurements (see Fig. 3 ). Since the GNASH code includes n¢ and n£ neutron emission contributions from compound nucleus and preequilibrium decay, these cross sections had to be ignored since, in our evaluation, they are based on measurements. Therefore we wrote a utility code that takes a GNASH output, modifies the n¢ and n£ neutron emission cross sections to zero, and in the evaluated file introduces the cross sections based on experiment as described in 
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MeV data of Jungerman et al. [14] , and at U V R a R , 90, and 140 MeV data of Byrd and Sailor [40] . In these figures, in addition to the highest-energy peak due to n¢ and n£ neutrons, several lower-energy peaks due to n The GNASH-calculated spectra have not been broaded using the experimental resolution. Data are from Refs. [13, 14, 40] .
We emphasize that the GNASH results shown in Fig. 4 have not been broadened to account for the experimental detector resolution. This explains why peaks and dips are observed in the calculated energy-dependent spectra, but are not seen so prominantly in the experimental data. Overall, it is evident that the evaluation accurately represents the n¢ and n£ neutrons, as it should since it is based on the experimental data. The lower-energy neutrons from the GNASH calculation agree with the measurements less well, but it is hoped that the accuracy obtained is sufficient for LEDA design calculations.
V. ENDF Data
In this section we show some graphical representations of the evaluated ENDF data. These figures help illustrate certain features of the evaluation. The figures shown here are a small subset of figures produced automatically by the NJOY code [41] . The full set of figures can be viewed on the T-2 WWW site, by first going to http://t2.lanl.gov/data/he.html, registering, and then clicking on premade plots in Postscript format for protons (http://t2.lanl.gov/data/p-ps/). Figure 5 shows the proton elastic scattering angular distribution for incident energies up to 150 MeV. The increased forward-peaking with increasing incident energy is evident. Figure 6 shows the angular distributions, reconstructed from the ENDF Legendre coefficients, for the n¢ and n£ emitted neutrons.
Four separate figures are combined together in figure 7 . On the top left, the overall cross sections for the n¢ , and n£ reactions are shown, as is also the "remaining" cross section, designated as MT=5, that is used in the GNASH calculations. The sum of all these cross sections is the reaction cross section as shown in Fig. 3 .
In Fig. 7 , top right, the inclusive production cross sections are shown for the light ejectiles. Note that, unlike for reactions on heavier nuclei, these do not keep increasing with incident energy up to 150 MeV, but instead become approximately constant above 40 MeV. This energy corresponds, approximately, to the total binding energy of ¡ L i, and therefore above this energy it is not possible to obtain additional particle production by increasing the incident energy.
In Fig. 8 lower-left, a perspective plot is shown of the angle-integrated neutron emission spectra obtained from GNASH, as a function of incident energy. The increasing role of preequilibrium high-energy neutron emission is seen as the incident energy increases. Finally, in Fig. 7 lower-right the total heating (MeV/collision) is shown as a function of incident energy. This includes energy transferred to all secondary charged-particles, except protons (since this is the projectile, and it is therefore assumed that a transport calculation will always be explicitly tracking the secondary protons).
VI. SUMMARY AND FUTURE WORK
Our new evaluation for protons on ¡ L i is available in the ENDF-6 format for use in radiation transport calculations. By using and testing these data in simulations of thick and thin lithium targets, we hope to obtain feedback on possible improvements that are needed. For completeness, we list here a couple of areas where we know there is room for improvement. The first point discussed below emphasizes weaknesses in the ENDF evaluation that may be problematic for simulations above 30 MeV.
Firstly, as discussed in this report, the angular distributions of the high-energy n¢ and n£ protons were represented in the ENDF file using Legendre coefficients. However, the scarcity of measured data at various angles in the measured angular distributions led to difficulties in obtaining accurate Legendre representations. Furthermore, at higher incident energies (above 30 MeV), the data at forward angles often showed an extreme discontinuous increase in cross section at zero-degrees. This was impossible to fit accurately, and our resulting Legendre fits therefore underpredicted the zero-degree data above 30 MeV, by up to a factor of two. To solve this problem, it may be necessary to abandon the use of a Legendre representation, and instead use tabulated representations of the angular distributions. Secondly, our analysis was not developed to include an accurate treatment of gammaray production, but instead focussed on neutron emission. Indeed, the nuclear level information in the GNASH calculations describing the decay of excited states by gamma-ray emission was not carefully checked. Therefore, if gamma-ray emission becomes of concern in LEDA target design studies, an upgrade to this evaluation may be needed. 
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